Giardiasis is highly prevalent in the developing world, and treatment failures with the standard drugs are common. This work deals with the proposal of omeprazole as a novel antigiardial drug, focusing on a giardial glycolytic enzyme used to follow the cytotoxic effect at the molecular level. We used recombinant technology and enzyme inactivation to demonstrate the capacity of omeprazole to inactivate giardial triosephosphate isomerase, with no adverse effects on its human counterpart. To establish the specific target in the enzyme, we used single mutants of every cysteine residue in triosephosphate isomerase. The effect on cellular triosephosphate isomerase was evaluated by following the remnant enzyme activity on trophozoites treated with omeprazole. The interaction of omeprazole with giardial proteins was analyzed by fluorescence spectroscopy. The susceptibility to omeprazole of drug-susceptible and drug-resistant strains of Giardia lamblia was evaluated to demonstrate its potential as a novel antigiardial drug. Our results demonstrate that omeprazole inhibits giardial triosephosphate isomerase in a species-specific manner through interaction with cysteine at position 222. Omeprazole enters the cytoplasmic compartment of the trophozoites and inhibits cellular triosephosphate isomerase activity in a dose-dependent manner. Such inhibition takes place concomitantly with the cytotoxic effect caused by omeprazole on trophozoites. G. lamblia triosephosphate isomerase (GlTIM) is a cytoplasmic protein which can help analyses of how omeprazole works against the proteins of this parasite and in the effort to understand its mechanism of cytotoxicity. Our results demonstrate the mechanism of giardial triosephosphate isomerase inhibition by omeprazole and show that this drug is effective in vitro against drug-resistant and drug-susceptible strains of G. lamblia.
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I
nfectious diseases are public health problems all around the world; moreover, infections caused by resistant microorganisms often fail to respond to conventional treatment, resulting in prolonged illness and a greater risk of death. This condition reduces the efficacy of treatment because patients remain infectious longer and spread resistant microorganisms to others.
The protozoan Giardia lamblia (also known as Giardia duodenalis or Giardia intestinalis) is a parasite that displays drug resistance and undergoes antigenic variation (1) . G. lamblia is the causative agent of giardiasis and inhabits the upper small intestine of humans and other vertebrates. Giardiasis is the most common diarrheal disease caused by the protozoan, with cosmopolitan distribution, 280 million symptomatic cases, and some 500,000 new cases every year (2) . Infection rates of close to 100% have been reported for some developing countries, whereas infections are less common in developed countries. Nonetheless, incidence rates of up to 70% have been observed in some areas (3) . G. lamblia is also the most common cause of waterborne outbreaks of diarrheal disease in humans in developed countries (4) , and it severely affects domestic animals (5) .
The clinical impact of giardiasis seems to be stronger in the first 3 years of life and in undernourished or immunodeficient individuals (2, (6) (7) (8) . A rising incidence of giardiasis has been noted in children in day care centers, which has led to the designation of giardiasis as a reemerging infectious disease in the developed world (9) . In addition, as it is a waterborne human parasite, for several years, the Centers for Disease Control and Prevention in the United States has classified G. lamblia as a bioterrorism category B organism.
A variety of drugs, such as 5-nitroimidazole compounds, nitazoxanide, benzimidazole, quinacrine, furazolidone, and paromomycin, have been used in therapy for giardiasis (10, 11) . Metronidazole and nitazoxanide are used as first-line therapies because of their effectiveness (12) (13) (14) . Unfortunately, these drugs have relevant side effects (15, 16); single-drug and multidrug resistance have been demonstrated or induced in vitro, and distinct isolates from human patients with reduced drug susceptibility have been described (10, 17, 18) . An approximately 20% prevalence rate of clinical resistant cases of giardiasis has been reported for metronidazole, with recurrence rates of up to 90% (19) . This has led to the search for novel experimental strategies and the evaluation of other treatment regimens. Strategies ranging from the development of vaccines to the search for new molecular targets are currently being addressed (1, 20) . The enzymes of the glycolytic pathway in G. lamblia have been proposed as potential targets for drug design (21, 22) because the organism lacks oxidative phosphorylation (23) . Our group has demonstrated the mechanism of inactivation of the giardial glycolytic enzyme triosephosphate isomerase (GlTIM) by chemical modification with thiol-reactive compounds (22, 24) . In line with this, omeprazole (5-methoxy-2-[[(4-methoxy-3,5-dimethyl-2-pyridinyl)methyl]sulfinyl]-1H-benzimidazole) drew our attention because it is a drug that is safely used in humans and shows a molecular mechanism of action based on the chemical modification of cysteines (Cys). Omeprazole is one of the most important proton pump inhibitors (PPIs), which irreversibly inhibits H ϩ / K ϩ -ATPase by modification of the Cys813 residue (25) . Earlier reports from our group (G. López-Velázquez and H. Reyes-Vivas, 6 October 2008, Mexican Patent Office) and others (26) have proposed omeprazole as a compound with antigiardial effects.
This work demonstrates the species-specific mechanism of omeprazole as a GlTIM inhibitor and analyzes the cytotoxic effect in vitro of omeprazole on G. lamblia trophozoites, on strains that are resistant to either metronidazole or nitazoxanide, and on drug-susceptible strains. Our results support the possibility of omeprazole as an alternative antigiardial drug for use in the near future.
MATERIALS AND METHODS
Cysteine mutants of GlTIM. In a previous work, we generated by sitedirected mutagenesis the single mutants for all five positions occupied by Cys in GlTIM (24) . The kinetic constants were calculated and reported (24) and were in the range of those of the wild-type GlTIM (wt-GlTIM); thus, mutagenesis did not affect the activity or stability of the enzymes (24) . Those mutants were used in this work.
Recombinant enzymes. We used transformed Escherichia coli strain BL21(DE3)(pLysS) cells containing the wild-type hstim, wild-type gltim, and mutant gltim genes to produce the recombinant enzymes. Purification was performed as described previously (27) , with the additional use of anionexchange (Q-Sepharose fast flow [FF]; 1.5 cm by 12 cm) and gel filtration (Superdex 75 prep grade; 1.6 cm by 60 cm) chromatography to obtain an enzyme purity of Ͼ95%. We calculated the protein concentrations of the mutants and wt-GlTIM by using the ε 280 of 26,600 M Ϫ1 cm Ϫ1 and ε 280 of 32,595 M Ϫ1 cm Ϫ1 for human triosephosphate isomerase (HsTIM). Inactivation of recombinant enzymes. The activities of recombinant HsTIM and GlTIMs were determined in the direction of glyceraldehyde 3-phosphate (GAP) to dihydroxyacetone phosphate (DHAP) using a coupled system by following the decay of NADH at 340 nm and 25°C, as described elsewhere (27) . The inactivation assays were performed at a protein concentration of 0.2 mg/ml (7.2 nM) in Tris-EDTA (TE) buffer (100 mM triethanolamine, 10 mM EDTA [pH 7.4]) at 37°C. Omeprazole (Sigma, Aldrich) was freshly prepared before any assay by dissolving it in dimethyl sulfoxide (DMSO) to obtain a stock solution of 20 mM omeprazole and 10% DMSO. To acid activate the omeprazole, a stock solution of 200 mM omeprazole in 90% DMSO and 10% 0.1 M HCl was made and incubated for 1 and 3 h at room temperature, in the dark, before being used in the dilution needed for each assay. The omeprazole used in the assays contained Ͻ5% DMSO. All the experiments were performed in triplicate.
The pseudo-first-order inactivation rate constant was obtained at omeprazole concentrations ranging from 300 to 700 M (neutral pH); the concentration of GlTIM was 0.2 mg ml Ϫ1 (7.2 nM) in TE buffer at 37°C. Every 10 min (from 0 to 120 min), aliquots were removed from the samples and assayed for residual activity in the standard reaction mixture. The data were adjusted to a monoexponential decay model, A R ϭ A 0 (e Ϫkt ), where A R is the residual activity at time t, A 0 is the activity at time zero, and k is the pseudo-first-order inactivation rate constant (24) .
Enzyme activity of cellular NADH oxidase and NADPH oxidoreductase. Approximately 1.2 ϫ 10 7 trophozoites were centrifuged at 2,755 ϫ g for 10 min at 4°C; the supernatant was discarded and pellet resuspended in phosphate-buffered saline (PBS) buffer, and this procedure was repeated three times. Next, the trophozoites were sonicated by 4 cycles of 20 s at 4°C in a buffer containing 100 mM HEPES (pH 7.2). The sample was centrifuged at 12,754 ϫ g for 30 min, and the supernatant was collected. Enzyme activity was spectrophotometrically measured at 25°C following the decay of absorbance at 340 nm, during the first 5 min of recording; the data are reported as nmol of NADH or NADPH oxidized min Ϫ1 mg Ϫ1 protein Ϫ1 . The reaction mixture to measure the activity of NADH oxidase contained 0.2 mM NADH and 100 mM HEPES (pH 7.2). The reaction mixture to measure the activity of NADPH oxidoreductase contained 0.2 mM NADPH, 0.1 mM flavin adenine dinucleotide (FAD), and 100 mM HEPES (pH 7.2).
Cys quantification. The Cys residues were determined using Ellman's reagent under denaturing conditions (28) . For the recombinant enzymes, samples with or without 1 mM omeprazole (at 37°C for 2 h) were filtered to remove the reagent that did not react (29) and added to TE buffer, 1 mM 5,5=-dithiobis-(2-nitrobenzoic acid) (DTNB), and 5% (wt/vol) SDS. To measure the thiol groups (free Cys) from the cellular proteins, we incubated the cultures with or without 1 mM omeprazole for 12 h. After harvesting, the pellets were washed 5 times in phosphate-buffered saline (PBS); the proteins were precipitated using acetone (at Ϫ70°C) overnight. The pellets were dried and resuspended in TE buffer and 5% SDS. We used the bicinchoninic acid method with bovine serum albumin as a standard (30) to quantify the total proteins in the extracts from trophozoites. The number of Cys residues in recombinant enzymes (per monomer) or in the total proteins was quantified by following the increase of absorbance at 412 nm (ε 412 , 13.6 mM Ϫ1 cm Ϫ1 ). Giardia strains. G. lamblia WB strain was acquired from the American Type Culture Collection (ATCC), cultured, harvested, and maintained as previously described (31) . Metronidazole resistance was induced in WB by conventional methods. Briefly, the trophozoites were treated with 1.5 M metronidazole (Sigma-Aldrich) for 48 h and allowed to recover before the next metronidazole exposure. The concentration of metronidazole was sequentially increased to allow the survival of 10 to 20% of the trophozoites. After 4 months, the time of exposition was reduced to 24 h and was continued for 4 months. The final concentration of metronidazole used in the induction was 40 M, and after that, the cultures were maintained in the presence of 0.4 g/ml metronidazole. Resistance to metronidazole was observed as reported in Table 1 at the time of the assays.
G. lamblia N1-INP strain was isolated and axenized from a Mexican child previously treated with nitazoxanide and was clinically diagnosed as resistant to this drug. Briefly, trophozoites from duodenal fluid aspirate were cultured in TYI-S-33 medium (pH 7.2) with an antibiotic mixture containing 110.4 M ceftazidime pentahydrate, 1.7 mM ampicillin, 195 M amikacin, and 2.68 M amphotericin B. Every 24 h, for 7 days, the culture medium was carefully decanted, the trophozoites that adhered to the glass were retained, and the tube was replenished with fresh culture medium with the additives described above. The axenic strains were maintained in the presence of 0.5 g/ml nitazoxanide. It is important to note that after treatment for 3 days with nitazoxanide, the patient was still having symptoms of giardiasis until metronidazole was used per a doctor's prescription. Indeed, the patient showed malabsorption syndrome until metronidazole was taken.
Cellular GlTIM activity. Cultures of both drug-susceptible and drugresistant strains were cultured in the presence of increasing concentrations of omeprazole for 24 h at 37°C. At the end of the treatment period, the tubes were decanted in order to conserve the adhered trophozoites only (trying to preserve living cells only, without mixing with dead cells). Nonetheless, the living and dead trophozoites were counted from these supernatants in order to register the total viability after treatment. The tubes were washed three times with PBS (pH 7.4) and chilled on ice for 20 min, and then the trophozoites were counted in order to standardize the assays by the number of cells. The cells were disrupted by sonication at 4°C, and then five cycles of 20 s with 2-min resting intervals in 50 mM Tris-HCl (pH 7.4), 1 mM phenylmethylsulfonyl fluoride, and 1% (vol/ vol) DMSO were performed. The sonicates were centrifuged at 15,700 ϫ g for 20 min at 4°C, and the supernatants were withdrawn for analysis of residual GlTIM activity using the coupled method mentioned above at 37°C. We considered 100% to be the enzyme activity registered for the cultures without omeprazole. The enzyme activity was assayed using 30,000 trophozoites per condition, and the assays were repeated Ն3 times. NADH consumption by enzymes other than GlTIM was calculated by measuring the change of NADH to NAD ϩ at 340 nm in the presence of cellular extracts and coupled system but without GAP (the GlTIM substrate). After a few minutes, GAP was added to this mixture, and the resulting activity was taken as 100%. The difference in ⌬OD (optical density at time 2 Ϫ optical density at time 1) before and after the addition of GAP was considered to be the consumption of NADH by enzymes other than GlTIM.
Fluorescence spectroscopy in trophozoites. Cultures of G. lamblia with approximately 12 ϫ 10 6 trophozoites per tube were incubated in the presence of 1 mM omeprazole for 6 or 9 h at 37°C. To prevent remaining omeprazole in the samples, 1 ml of culture medium from the bottom of the tubes was discarded using a Pasteur pipette; the tubes were chilled on ice for 20 min and centrifuged at 453 ϫ g at 4°C for 10 min. The supernatant was discarded and pellet resuspended in 500 l of PBS (4°C) and transferred to a microtube (1.5 ml). The samples were centrifuged at 13,400 ϫ g in a microcentrifuge, and the supernatant was discarded and resuspended in 500 l of PBS (4°C); this last step was repeated 5 times. The cells were resuspended in 200 l and counted with a hemocytometer. The samples without omeprazole (negative control) and without cells ("control of wash") underwent the same extensive washing process. We measured the fluorescence emission spectra at 25°C with an LS55 spectrofluorometer (PerkinElmer) and recorded them from 300 to 600 nm, with an integration time of 1 s, a size step of 0.5 nm, and an excitation wavelength ( Exc ) of 335 nm. The assays were carried out using 3 million cells from each sample or the volume corresponding to this number of cells after sonication. The negative controls and controls of wash used the same volume (ϳ40 l), and all the samples were exposed to UV light for 15 min before analysis in the spectrofluorometer. Each spectrum was the average of 2 scans. The background fluorescence of the buffer was not subtracted from the sample reading in order to make a comparison with the negative controls and controls of wash. The wavelength emission of maximum fluorescence in nm ( max ) was calculated by selecting the point that exhibited the highest intensity.
Confocal microscopy. The cells were grown on glass coverslips into six-well cell culture clusters (Costar) with TYI-S-33 medium for 48 h, followed by incubation with 1 mM omeprazole diluted in TYI-S-33 medium, or without omeprazole (control) for 6 and 9 h. Afterward, the coverslips were washed three times with PBS for 5 min each and mounted with mounting medium for fluorescence (Vectashield; Vector). The mounted samples were irradiated for 15 min in a UV chamber (homemade with a fluorescent black-light tube; WKO model F8T5BL) and immediately analyzed and photographed with a laser scanning confocal microscope (Olympus FV1000), using a violet diode laser of 405 nm. Taking into account that green is an easier color to distinguish by the naked eye, a green pseudocolor was assigned to the signal instead of blue, due to its emission being near 412 nm. The emission wavelength of omeprazole impedes the use of 4=,6=-diamidino-2-phenylindole (DAPI) counterstains.
Susceptibility assays. In vitro susceptibility assays were performed using two methods for all strains tested; both methods were essentially derived from previously described works (32) . The first method was implemented to mimic the concentrations obtained from the inactivation assays performed with recombinant GlTIM. Briefly, subconfluent cultures of G. lamblia with approximately 12 ϫ 10 6 trophozoites were incubated for 24 h at 37°C with different concentrations of omeprazole (range, 2 mM to 25 M) added as a solution in freshly made TYI-S-33. At the end of the treatment period (24 h), the trophozoites were counted with a hemocytometer, and the 50% lethal dose (LD 50 ) was calculated by means of Probit analysis (SPSS package). The experiments were carried out using triplicate tubes and were repeated at least three times for each strain. The other method used was subculture, applied as a conventional method to calculate the LD 50 (33) . Briefly, cultures with 50,000 trophozoites/ml of TYI-S-33 medium were incubated for 48 h at 37°C, with omeprazole concentrations between 0.001 g/ml and 1 g/ml. After this time, the samples were chilled on ice for 20 min, washed, and resuspended. Fifteenmicroliter aliquots were taken from each sample, diluted in 1 ml of fresh TYI-S-33 medium without omeprazole, and incubated at 37°C for 48 h; the trophozoites were counted with a hemocytometer, and the LD 50 was calculated by means of Probit analysis (SPSS package). We calculated the LD 50 for omeprazole at a neutral pH (nonactivated), omeprazole previously incubated at an acidic pH (acid activated), metronidazole, nitazoxanide, and albendazole. Table 1 displays the complete data set.
Processing of RNA samples and real-time qPCR. To quantify the gene expression of the variant surface proteins TSA417, GlTIM, and NADH oxidase by real-time quantitative PCR (qPCR), trophozoites of drug-susceptible and drug-resistant strains were grown in the absence of drugs until confluence was reached. The cells were harvested and RNA was extracted using TRIzol reagent (Invitrogen), according to the manufacturer's instructions. DNase I (Thermo Scientific) digestion was used to remove residual genomic DNA. First-strand cDNA was synthesized using 100 ng of RNA and RevertAid reverse transcriptase (Thermo Scientific), previously quantified in a Drop plate (Thermo Scientific), mixed with 0.5 g of oligo(dT) (Fermentas) in 15 l of H 2 O-diethyl pyrocarbonate (DEPC), and incubated at 70°C for 5 min. All qPCR amplification reactions were performed using the StepOne real-time PCR system (Applied Biosystems) in a 20-l total reaction volume containing 10 l of Fast SYBR green master mix (Applied Biosystems), 10 ng of cDNA, and 10 M forward and reverse primers. The amplification reaction mixture included a forward and reverse primer of each gene assayed: TSA417qF, 5=-GCG AAA GTG ATA GCA ATG GG-3=, and TSA417qR, 5=-TGA GGT AAC AGA GGA CGG AGC-3=, to quantify TSA417; TIMqF, 5=-ACA CGG GCT CGT AAG CAA T-3=, and TIMqR, 5=-AGG AGC TCG GAG AGT CCA A-3=, to quantify GlTIM; NADHqF, 5=-GCA CCA TAT GGC TTC AAC GG-3=, and NADHqR, 5=-CAG GCC TGT CCG TGT CAT TA-3=, to 
RESULTS
Omeprazole inactivates recombinant GlTIM with no adverse effects on HsTIM. We already demonstrated the role of thiol-reactive compounds on the inactivation of GlTIM (22, 24) . Taking into account the mechanism of action of omeprazole on proton pump enzymes, which is based on its capacity to react with Cys, we performed enzyme inactivation assays using omeprazole against recombinant GlTIM and recombinant human TIM (HsTIM). Figure 1A depicts the residual activities of GlTIM and HsTIM with increasing concentrations of omeprazole at neutral pH (7.0); this is important in light of the reported inhibitory actions of omeprazole and the fact that the pH at mid-jejunum is between 7.0 and 9.0. While the enzyme activity of GlTIM is completely abolished at 750 M, the activity of HsTIM retains almost the level of its original activity. Moreover, when GlTIM reached 50% inactivation, HsTIM retained Ͼ90% activity (Fig. 1A) . We generated recombinant GlTIM from the N1-INP strain, and its behavior was essen- tially the same as that of GlTIM from WB (data not shown). The efficacy of omeprazole is reported to be dependent on acid pH in parietal cells and in other cases with Leishmania donovani (35) . Our results demonstrate the efficacy and species-specific action of omeprazole on GlTIM under neutral pH conditions (Fig. 1A) . Interestingly, inactivation assays using previously acid-activated omeprazole (see Materials and Methods) show an improvement on the effect of omeprazole against GlTIM (Fig. 1B) ; such improvement is dependent on the acidification time of omeprazole. Under the least favorable conditions for GlTIM in this assay (3 h of preincubation of omeprazole at acid pH), HsTIM retained Ͼ90% activity when GlTIM reached 50% inactivation (Fig. 1 B) .
In order to obtain the 50% inhibitory concentration (IC 50 ) for recombinant GlTIM using low concentrations of omeprazole under neutral pH conditions, we performed overnight enzyme inactivation assays using increasing concentrations of omeprazole and adjusting to sigmoidal curves. The inflection point of the resulting sigmoidal curve represents the IC 50 , and the obtained value was 141 nM (Fig. 1C) . The same experiment was done with HsTIM, obtaining an IC 50 of 411 M (Fig. 1D) , which represents almost 3,000 times more resistance to omeprazole than that of GlTIM.
Finally, the pseudo-first-order inactivation rate constant for omeprazole at neutral pH was 0.6 M Ϫ1 s Ϫ1 . It is lower than that for DTNB (43.4 M Ϫ1 s Ϫ1 ) and 2-carboxyethyl methanethiosulfonate (MTSCE) (7.1 M Ϫ1 s Ϫ1 ), also previously reported under neutral pH conditions (24) .
Omeprazole targets Cys 222 in GlTIM. As we previously described, the wild-type (wt) GlTIM is a homodimer with 5 Cys residues per monomer, with the Cys residue at position 222 being responsible for the inactivation of GlTIM with thiol-reactive compounds (24) . In order to identify the target of omeprazole on GlTIM, we performed enzyme inactivation assays using omeprazole against single mutants of its five different Cys residues at positions 14, 127, 202, 222, and 228; these mutants were previously made by us, and their kinetics were demonstrated to be similar to those of wt-GlTIM (24) . For example, the k cat (turnover number) values were 4.6 Ϯ 0.16, 5 Ϯ 0.16, 3.5 Ϯ 0.1, 2.9 Ϯ 0.14, 5 Ϯ 0.4, 1.87 Ϯ 0.19 per 10 5 min for the wt, C14A, C127A, C202A, C222A, and C228A mutants, respectively (24) . Similarly to other thiol-reactive compounds, such as DTNB [5,5-dithio-bis(2-nitrobenzoic acid)] and MTSCE (2-carboxyethyl methanethiosulfonate) (24) , omeprazole completely inactivates all the single mutants of Cys, except for that without Cys 222 ( Fig. 2A) . Although omeprazole modifies more than one Cys on each single mutant and wt-GlTIM (Table 2) , only the presence of Cys 222 resulted in the total inactivation of the enzyme (Fig. 2A) . Our data demonstrate that the interaction between omeprazole and Cys 222 is responsible for the major inhibition of GlTIM. Moreover, the susceptibility to omeprazole of the mutant C222A is practically the same when omeprazole is used at neutral pH as when it is used with previous incubation for 1 or 3 h at acid pH (Fig. 2B) .
Fluorescence of GlTIM-omeprazole adducts. Based on the capacity of omeprazole to fluoresce after exposure to UV light (36, 37) , we demonstrated that recombinant GlTIM incubated with omeprazole at concentrations of Ն200 M (pH 7.0) (at 37°C for 2 h) shows a fluorescent band of 28 kDa in denaturing gels (Fig. 3A) . Figure 3B shows the fluorescent binding on C222A and HsTIM with 0.7 mM omeprazole (the concentration that showed good fluorescence, as shown in Fig. 3A ) in the time course from 0 to 2 h. With omeprazole concentrations of Ͻ0.5 mM, the band was hardly distinguishable in the gels. After incubation with omepra- zole, GlTIM and HsTIM were loaded onto a Sephadex G-25 column and filtered by centrifugation in order to remove excess omeprazole. We also analyzed the fluorescence spectrum of recombinant GlTIM incubated with omeprazole ( max , 490 nm; Exc , 335 nm) and found that the fluorescence intensity (FI) of GlTIM with omeprazole was 5.5 times higher than that of GlTIM alone (Fig. 3C ).
Omeprazole has a cytotoxic effect on Giardia, decreasing cellular GlTIM activity. After the incubation of drug-susceptible G. lamblia trophozoites with omeprazole, we demonstrated a decrease in the viability and residual enzyme activity of cellular Gl-TIM in a dose-dependent manner (Fig. 4A) . Similar to the drugsusceptible G. lamblia trophozoites, metronidazole-resistant G. lamblia incubated with different concentrations of omeprazole demonstrated marginal inhibition of cellular GlTIM activity (Fig.  4B) . In the case of the nitazoxanide-resistant strain (N1-INP), omeprazole had a cytotoxic effect in trophozoites, but the GlTIM activity showed slight inhibition under these experimental conditions (Fig. 4C) . The acid-activated omeprazole did not enhance the cytotoxic effect or the inhibition of cellular GlTIM under these experimental conditions with drug-resistant strains (data not shown).
To demonstrate the specificity of the assay for GlTIM in the lysates of trophozoites, we measured the conversion of NADH to NAD ϩ without glyceraldehyde 3-phosphate (GAP) (the substrate of triosephosphate isomerase). The non-GlTIM consumption of NADH represented only 4.38% Ϯ 0.78% of the total (Fig. 4D) .
Omeprazole interacts with giardial proteins. As mentioned above, omeprazole fluoresces after exposure to UV light. Based on this, we tracked omeprazole in the trophozoites of Giardia to address the possibility of its interaction with cytoplasmic proteins, including GlTIM. We analyzed the fluorescence spectrum of trophozoites at a Exc of 335 nm after 6 and 9 h of incubation with 1 mM omeprazole. We named the samples containing all the reactants except for the trophozoites the controls of wash. The controls of wash were used to eliminate any possibility of artifacts due to residual omeprazole. Before UV irradiation, the blank (buffer), controls of wash, nontreated trophozoites, and treated trophozoites showed the same fluorescence intensity (FI). After 15 min of UV irradiation, only the treated trophozoites increased in their FI proportionally to the time of incubation with omeprazole (Fig.  5A) . On the other hand, trophozoites that were incubated for 9 h with omeprazole had a 900% increase in FI ( max , 402 nm) compared with that of the negative control (trophozoites without omeprazole) (Fig. 5B) . When the trophozoites were broken by sonication, the cytoplasmic and membrane fractions showed 83% and 35% FI, respectively (Fig. 5B ), indicating that a high percentage of omeprazole was in the cytoplasmic compartment.
Although conventional confocal microscopes are not equipped with a laser with a Exc near 335 nm, it was possible to follow an enrichment of the signal inside the trophozoites of drug-susceptible strains as a result of the increase in incubation time with omeprazole and after a short time of exposure to UV light (Fig. 6) . The results with drug-resistant strains were similar (see Fig. S1 in the supplemental material).
Omeprazole acts as a thiol-reactive compound with the giardial proteins. Following Ellman's method, we quantified the number of modified Cys in the proteins from the cytoplasmic fractions of trophozoites incubated with omeprazole. The cultures exposed to omeprazole had 45% more modified Cys compared to that of cultures without omeprazole (95.8 versus 147 nmol of free Cys/mg of proteins). Overall, our results support the hypothesis that Cys is modified by omeprazole through the formation of disulfide bridges. (C) Emission spectra of recombinant GlTIM (0.6 mg/ml protein), plotted for data before (filled squares) and after (circles) incubation with 5.6 mM omeprazole (OMP). a.u., absorbance units.
Omeprazole has a cytotoxic effect on drug-resistant and drug-susceptible Giardia strains. Cytotoxicity was evaluated in trophozoite cultures incubated with different concentrations of omeprazole equivalent to those used for the inactivation assays with recombinant enzymes. After 24 h of incubation, the surviving and dead cells were counted, and the LD 50 was calculated using this method (Table 1 , method 1). This effect was corroborated using cultures with omeprazole diluted in TYI-S-33 medium or PBS only; under both conditions, there was no pH variation during the assays. Since the treatment failure of giardiasis with conventional drugs occurs at a rate of approximately 20% (38-42), we tested omeprazole in the strains of G. lamblia resistant to metronidazole and nitazoxanide; the LD 50 were calculated for each (Table 1, method 1). The conventional method for calculating LD 50 (method 2) was performed in resistant and nonresistant Giardia strains (Table 1, method 2) as well. Additionally, we calculated the LD 50 for omeprazole at neutral pH and with acid-activated omeprazole (Table 1 , method 2, nonactivated and acid activated).
Omeprazole was effective in vitro as an antigiardial compound in all the tested strains, even under neutral pH and acid-activated conditions (Table 1) . These results are also the strongest evidence of drug resistance that we obtained for the assayed strains. Additionally, a human cell line of epithelial cells was incubated with a concentration of omeprazole at approximately the LD 50 determined for Giardia strains using the concentration calculated by method 1, and under the same conditions as those for the trophozoites. The results showed no differences in viability among the mammalian cells incubated with or without 300 M omeprazole (see Fig. S2 in the supplemental material). VSP TSA417 gene expression is highly different between drug-susceptible and drug-resistant strains, while that of NADH oxidase and GlTIM does not change. Several molecules have been studied for their expression and function to find potential markers of drug resistance. VSP TSA417 (the major surface antigen of G. lamblia WB) gene expression was found to be increased in G. lamblia WB susceptible to drugs in comparison to that of strains resistant to metronidazole and nitazoxanide induced in vitro (33) . We found important differences in the gene expression of VSP TSA417 between drug-susceptible and drugresistant strains but, while Müller et al. (33) found virtually nondetectable expression levels in drug-resistant clones, we found a significant increase in both metronidazole-and nitazoxanide-resistant strains compared with that in the drug-susceptible strain (see Fig. S3A in the supplemental material). It is important to note that others have previously found an overexpression of VSPs in drug-resistant clones of Giardia (43) , which means that this feature is more frequent than it seems. Indeed, there is evidence that correlates the overexpression of VSPs with high virulence in Giardia isolates (44) . This overexpression demonstrates another relevant characteristic of these omeprazole-susceptible strains.
Conversely, the gene expression of NADH oxidase and GlTIM did not show differences among the assayed strains (see Fig. S3A in the supplemental material). Previous works showed a differential gene expression of these molecules in Giardia strains resistant to albendazole (45) . Based on our results, we can speculate that the mechanism of resistance to metronidazole and nitazoxanide shown by these Giardia strains is different from the others previously described.
Enzyme activity of NADH oxidase and NADPH oxidoreductase shows differences among omeprazole-susceptible strains. The enzyme activities of NADH oxidase and NADPH oxidoreductase have been used to characterize drug-resistant versus drug-susceptible strains at the metabolic level (46) . The activity of NADH oxidase was significantly different (P Ͻ 0.05) among the strains (see Fig. S3B in the supplemental material), even though the gene expression was similar (see Fig. S3A in the supplemental material). The activity of NADPH oxidoreductase was similar between both drug-resistant strains but different from that of the drug-susceptible strain (P Ͻ 0.05) (see Fig. S3C in the supplemental material). All of this reinforces the idea of a particular mechanism of drug resistance not characterized before.
DISCUSSION
Giardiasis is a neglected illness that is highly prevalent in the developing world, and treatment failures with standard drugs are common. Added to this, the VSPs of Giardia confer antigenic variation (1) , and their overexpression is related to high virulence (44) . Such conditions have driven our group to search for new antigiardial drugs, with a special interest in triosephosphate isomerase as a molecular target (22, 24, 31) . Based on our previous data, we proposed omeprazole and its isomers (G. López-Ve- lázquez and H. Reyes-Vivas, 6 October 2008, Mexican Patent Office) as drugs with a potential to inhibit GlTIM and kill Giardia trophozoites. In the present work, we demonstrated that omeprazole inhibits GlTIM in a species-specific manner, with a deleterious effect only when targeting Cys 222 in GlTIM, even under neutral pH and acid-activated conditions. This indicates that not all Cys present in a protein are reached by omeprazole and, even if a Cys is modified by omeprazole (see above), it does not always have a deleterious effect on the protein. As an example of this, HsTIM (a homodimer with 5 Cys per monomer) shows a Cys residue at position 217, which is equivalent to the Cys 222 in GlTIM. Although omeprazole modifies 1 of its 5 Cys in the same way as when we used DTNB (22) , it does not inactivate HsTIM; indeed, it is almost 3,000 times more resistant than GlTIM. This is due to the properties of the region surrounding Cys 222 in GlTIM and its influence on the affinity for the substrate by the enzyme when such a residue is modified (24, 27, 31) . The fluorescence of GlTIM-omeprazole adducts observed in recombinant enzymes (see Fig. 3 ) represents a potential tool for following omeprazole into the cells and identifying its targets (including the non-GlTIM targets). Nonetheless, experimental conditions must be adjusted in the future because there are several factors, (i.e., UV light exposure and molecular environment changes) that influence the signal emitted by the adducts. The changes in GlTIM activity of the surviving treated trophozoites strongly suggest that both molecules interact in the cell. However, this must be directly demonstrated with experiments in which their copurification from the trophozoites can be successful (we are currently investigating this topic). It is known that any molecule proposed for use as an antiparasitic should react with the parasite and, if the proposed target is intracellular, the drug has to enter the cell. Taking advantage of the fluorescent properties of omeprazole and by means of quantifying the modified Cys in the total proteins of the trophozoites, we demonstrated an interaction of omeprazole with giardial proteins by means of Cys modification. Moreover, our data on the fluorescence of omeprazole from cytoplasmic fractions support the idea that omeprazole enters the cytoplasm of trophozoites. Confocal microscopy suggests the internalization of omeprazole (after UV irradiation), but the conditions must be adjusted to understand its cellular localization. Moreover, it is necessary to determine if it accumulates in an organelle (i.e., lysosome-like peripheral vacuoles) in order to be acid activated or if its action is at neutral pH, as occurs in the assays done directly with the recombinant enzymes. Our results show a direct relationship between the cytotoxic effect of omeprazole on G. lamblia and its effect on cellular GlTIM in drug-susceptible strains.
On the other hand, although omeprazole exerted its antigiardial effect in the drug-susceptible and drug-resistant strains used in this work, it seems that the condition of resistance to a drug somehow confers a reduction in membrane permeability to omeprazole and delays its effect (see Fig. 4 and Table 1 ). In fact, the acid-activated omeprazole does not enhance the deleterious effect on cellular GlTIM (data not shown), and the cytotoxic effect is enhanced until the time of exposure is prolonged to Ͼ48 h (see Table 1 ). It is possible that VSPs capture omeprazole in the external surface of trophozoites through an interaction with cysteines, as can be inferred from those strains with high expression of VSPs (see Fig. S3A in the supplemental material). Without dismissing our proposal regarding the involvement of GlTIM, there might be several levels of effects that can converge to reach the cytotoxic effect of omeprazole in Giardia. The final effect must be differentially influenced by the origin of the Giardia strains studied and the molecules targeted by omeprazole. Conversely to what occurs with the commonly described mechanism of drug resistance in Giardia, the results on the gene expression in conjunction with the enzyme activity of NADH oxidase and NADPH oxidoreductase indicate that these strains might be using an "outer shield" of molecules as VSPs to deal with hostile conditions (i.e., drugs) instead of metabolic modifications to counteract oxidative stress. At this point, the most important contribution is that omeprazole was effective against all these strains even though they show resistance to metronidazole and nitazoxanide (see Table 1 ). At the same time, the expression of certain genes and their properties as markers of resistance must be revisited to understand their relationship to each other.
While our study focused primarily on the inactivation process of GlTIM and its role in the cytotoxic effect of omeprazole, the whole results provide a framework for further analysis of the effects of the omeprazole in Giardia. In line with this, the possibility that omeprazole targets molecules as ecto-ATPases by means of its acid-activated conformation, as demonstrated in L. donovani (35) , must be mentioned. In spite of being acid activated, the cytotoxic effect on Giardia strains is not enhanced with omeprazole with high expression of VSP TSA417 at times of Ͻ48 h. Therefore, it appears that instead of its external localization, an ecto-ATPase is not the target of omeprazole, at least not a target that plays a role in the cytotoxic effect. Further studies must be done to confirm this.
It is relevant to point out that others have demonstrated that triosephosphate isomerase has a cytotoxic effect on other parasites (47) (48) (49) . Having a well-characterized molecular target (i.e., GlTIM) will help to develop more efficient and specific antigiardial drugs that can be used as a coadjuvant treatment or in cases of extremely virulent and resistant strains. As we previously demonstrated, the modification of the Cys 222 region perturbs the structure and function of GlTIM (50); therefore, omeprazole can be the moiety to generate a more efficient antigiardial drug specifically directed to GlTIM. Our results using omeprazole at neutral pH and in an acid-activated form support our proposals. It does not matter if omeprazole passes through the acidic environment of the stomach and reaches the small intestine or if it reaches the small intestine by the blood; both pH conditions will be effective to inactivate GlTIM and cause the antigiardial effect. This is a benefit of using omeprazole against Giardia, taking into account that most PPIs are covered with an enteric coating, and others are administered intravenously (i.v.). One of the most important conclusions is that omeprazole is effective against Giardia-susceptible and -resistant drugs (or is highly virulent) at concentrations in the range of those of the first-line drugs used for giardiasis. Indeed, omeprazole was effective against a nitazoxanide-resistant clone, which is almost 89 times more resistant than the susceptible ones. Those concentrations (omeprazole LD 50 ) can be reached with a conventional dose of 20 mg/day under neutral or acidic pH conditions.
Omeprazole has been used safely in humans, and its efficacy as a PPI is linked to previous acid activation (sulfenamide formation). Nonetheless, it is reported to have enzyme-inhibitory effects under neutral pH conditions (51) . Others speculate on the possibility that hypochlorhydria induced by omeprazole can cause the development of giardiasis (52) ; in light of the increasing use of omeprazole and its isomers, further studies, such as clinical trials, must be done in order to demonstrate the effectiveness of omeprazole against human giardiasis.
We cannot yet guarantee that omeprazole will be more efficient than other anti-Giardia drugs in humans or other hosts. However, if the results of further studies in animals and humans (i.e., clinical trials) are in accordance with our results, its safety, low side effects, possibility of being used in conjunction with another drug, and potential to be used against drug-resistant strains (or highly virulent ones) make omeprazole a promising anti-Giardia drug.
